In vitro rooting response and indole-3-acetic acid (IAA) levels were examined in two genetically related dwarfing apple (Malus pumila Mill) rootstocks. M.26 and M.9 were cultured in vitro using Linsmaier-Skoog medium supplemented with benzyladenine (BA), indole-3-butyric acid (IBA), and 1,3,5-trihydroxybenzoic acid (PG). Rooting response was tested in Lepoivre medium supplemented with IBA and PG. IBA concentrations of 12.0 and 4.0 micromolar induced the maximum rooting percentages for M.9 and M.26, respectively. At these concentrations rooting response was 100% for M.26 and 80% for M.9. Free and conjugated IAA levels were determined in M.26 and M.9 shoots prior to root inducing treatment by high performance liquid chromatography with fluorescence detection and validated by gas chromatography-mass spectrometry using 13[CB]IAA as intemal standard.
mation (3, 5, 6, 9-12, 19, 26) . Young leaves and buds generally promote rooting and may be replaced by exogenous auxin (19) . Several investigators have reported positive correlations between endogenous IAA levels in cuttings and number of roots produced per cutting (24) .
In this study, adventitious root formation was examined in two dwarfing apple (Malus pumila Mill) rootstocks. M. 26 and M.9 apple rootstocks were selected because they are genetically related, but differ in rooting ability. M.26 is considered easy to root because a high percentage ofstem cuttings produce roots under greenhouse conditions. M.9 is considered difficult to root because shoots require an etiolation treatment after budbreak in order to induce stem cuttings to root (3, 8) . The difference in adventitious root formation between M. 26 and M.9 is also apparent in vitro. Previous research has shown that M.9 requires higher exogenous auxin concentrations than M. 26 for root induction (13, 14) .
The differential response of M.26 and M.9 to exogenous auxin applications has led investigators to suggest that differences in rooting ability between M.9 and M.26 result from differences in endogenous auxin levels (16) , auxin metabolism (11, 13, 14) , or sensitivity of target cells to auxin (10) . The objective of this research was to examine the relationship between endogenous IAA levels of M.26 and M. 9 shoots cultured in vitro and the rooting response of shoots to exogenous auxins.
In vitro clonal propagation of woody species has often been difficult because many species do not readily produce adventitious roots. The most successful method for adventitious root induction in woody species has been the exogenous applications of synthetic auxins (NAA, IBA)3 to stem cuttings and shoots cultured in vitro. Many lines of evidence suggest that auxins play an important role in adventitious root for- ' Published with the approval of the Department of Pomology, University of California. 2 Present address: Facultad Agronomia, Univ. Central Venezuela, Instituto Botanica Agricola, El Limon-Maracay 2101, Estado Aragua, Venezuela.
3Abbreviations: IBA, indole-3-butyric acid; FW, fresh weight; BHT, butylated hydroxytoluene; SPE, solid phase extraction; TBDMS, tert-butyldimethyl-silyl; PG, phloroglucinol; HFM, hormone-free medium; ACN, acetonitrile; NAA, naphthaleneacetic acid; GC-MS-SIM, gas chromatography-mass spectrometry-selected ion monitoring.
MATERIALS AND METHODS

Plant Material and Shoot Proliferation Conditions
Techniques and conditions for M.26 and M.9 establishment and proliferation have been previously described (12, 15 (1) for total IAA determination. The aliquot hydrolyzed with 7.0 N NaOH was brought to pH 9.0 by addition of concentrated H3PO4. The aliquot for free IAA determination was adjusted to pH 9.0 with 1.0 N NaOH. Both aliquots were then partitioned with 2 mL ethyl acetate (2 times). The aqueous phase was adjusted to pH 2.7, extracted with 2 mL anhydrous diethyl ether (2 times) containing 1 mM BHT. The ether fraction was extracted twice with 2 mL 0.1 M phosphate buffer [pH 9] . The alkaline buffered extract was then partitioned, using dialysis, according to Liu and Tillberg (18) . This procedure was modified by volume reduction ofthe three phases.
Phase I extraction buffer (0.075 M K2HPO4, pH 2.7) was reduced to 75 mL, phase II (diethyl ether plus 1 mM BHT) was reduced to 75 mL, and phase III dialysis tubing buffer (0.1 M K2HPO4, pH 9.2) was reduced to 10 mL. Ascorbic acid (100 mg/L) was added to buffers. Samples were dialyzed in the dark for 20 h at room temperature.
After partitioning, IAA was extracted from phase III buffer using high capacity C18 SPE columns (J. T. Baker, Phillisburg, NJ) according to Nissen and Foley (20) . IAA (v/v) . At a flow rate of 1.5 mL/min IAA had a retention volume of 15.4 mL and K' of 4.4. Twenty ML loop injections were made. IAA quantitation was made by comparison of peak areas to standard curves of authentic IAA, and corrected for losses during extraction and purification by an isotope dilution technique (22) .
GC-MS-SIM IAA Analysis
Internal standard (200 ng of '3C6 [benzene ring]IAA, gift from Dr. J. Cohen, USDA, Beltsville, MD) was added to samples analyzed by GC-MS-SIM. Samples were processed as previously described. The entire sample was purified by HPLC and peaks which cochromatographed with authentic IAA were collected into 15 mL silanized, conical centrifuge tubes. Water was added to reduce ACN content to less than 5%. IAA was extracted twice with 2 mL diethyl ether, and the ether fraction dried under nitrogen. Samples were resuspended in 50 ,uL of ACN, and derivatized by incubation with 50 ML of N-methyl-N-(tert-butyl-dimethyl-silyl) trifluoroacetamide (Pierce Chemical Co.) for 45 min at 60°C. Samples were again dried under nitrogen at 40°C, and resuspended in 10 gL HPLC grade ethyl acetate. Nissen and Foley (20) . The ratio 289/295 was used to verify the analysis as suggested by Cohen et al. (4) .
RESULTS
Rooting Experiments
The presence of IBA in the rooting media significantly increased the number of roots/rooted shoot in M.26 and M.9; however, M.26 produced significantly more roots than M.9 at all IBA concentrations tested (Fig. 1 significantly increased the number of roots/rooted shoot in M.9.
The maximum rooting percentages for M.9 (80%) and M.26 (100%) were obtained with IBA concentrations of 12.0 and 4.0 gM, respectively (Fig. 2) . In the absence of IBA, rooting percentages were 0 for M.9 shoots and 7% for M. (Table I ). M.26 and M.9 shoots contained he experiment was significant amounts of conjugated IAA. The amount of contreatment, and the jugated IAA relative to free IAA (conjugated/free) was higher ie mean.
in M.9 than in M.26 (Table I) . 
DISCUSSION
Previous researchers have investigated the rooting performance of M.26 and M.9 shoots in vitro (10, 11, 14 (10) The levels of free IAA in M.26 shoots we measured were higher than those previously reported by Welander and Snygg (26) (6) . Conjugated (amide + ester) IAA levels of M.26 and M.9 shoots were comparable to levels previously reported for 5-d-old maize shoots (1) and young cotton fruits (7) .
Previous studies have suggested that the number of roots produced per cutting may be a function of the auxin level in the root generation zone (2, 9) . Despite the development of refined techniques for IAA quantitation, little research has been published on endogenous IAA levels in stem cuttings and the possible relationship of those levels to adventitious root formation. Weigel et al. (24) , using enzyme-linked immunosorbent assay (ELISA), reported a positive relationship between auxin levels in stem cutting of Chrysanthemum morifolium at the time the cuttings were taken and the number of roots formed 20 d later. We found similar results in that M.26 had higher free IAA levels in basal sections than M.9 immediately prior to root induction, and also produced more roots than M.9 did 30 d later. Our data support Le's ( 16) suggestion that differences in rooting ability between M.9 and M.26 might be due to differences in free IAA levels.
James (1 1) has suggested that the two rootstocks differ in their rates of auxin degradation. He based his hypothesis on research in which M.9 required 10 times more IAA to produce the same number of roots as M.26 (14) and M.9 absorbed twice as much [1-'4C] IAA as M.26, but produced only onethird as many roots (1 1). Our data does not fully support his hypothesis since free IAA levels in apical sections were similar in both rootstocks. If IAA degradation were higher in M.9 one would expect lower free IAA levels throughout the entire plant.
The IAA levels observed suggest the possibility that M.9 has a reduced ability to convert IBA to IAA. However, we cannot discount the possibility that IBA might be converted into IAA at a similar rate in both rootstocks, but M.9 might conjugate a greater percentage of newly converted IAA. A higher proportion of IAA in M.9 exists as either amide or ester conjugates compared with that in M.26 (Table I) . James and Thumbon (14) have previously shown that M.9 requires 10 times more IAA than M.26 for optimum rooting, which could be due to increased conjugation ofexogenously supplied IAA.
In conclusion, results from the present study suggest that differences between M.26 and M.9 in vitro rooting response may be related to differences in free IAA levels in basal sections. These differences in free IAA levels between M.26 and M.9 basal sections may reflect differences in IBA metabolism and/or IAA conjugation.
